There is a similarity in the marine avifaunas of the Humboldt upwelling system off western South America and the Benguela upwelling system off western southern Africa. Each system has an abundant, endemic cormorant, sulid and penguin, each of which feeds primarily on the large populations of sardine Sardinops sagax and anchovy Engraulis spp. that are found in the two systems (e.g. Jordán and Fuentes 1966 , Crawford and Shelton 1981 , Crawford et al. 1991a. These endemic birds are the guanay cormorant Phalacrocorax bougainvillii, the Peruvian booby Sula variegata and the Humboldt penguin Spheniscus humboldti in the Humboldt system, and the Cape cormorant P. capensis, Cape gannet Morus capensis and African penguin S. demersus in the Benguela system. Additionally, the Peruvian pelican Pelecanus (occidentalis) thagus is abundant in the Humboldt system, where it also feeds mainly on sardine and anchovy Fuentes 1966, Paulik 1971). The eastern white pelican P. onocrotalus is found in smaller numbers in the Benguela system, but its diet is not dominated by sardine and anchovy (Berry 1976, Crawford et al. 1991a, 1995a.
. These endemic birds are the guanay cormorant Phalacrocorax bougainvillii, the Peruvian booby Sula variegata and the Humboldt penguin Spheniscus humboldti in the Humboldt system, and the Cape cormorant P. capensis, Cape gannet Morus capensis and African penguin S. demersus in the Benguela system. Additionally, the Peruvian pelican Pelecanus (occidentalis) thagus is abundant in the Humboldt system, where it also feeds mainly on sardine and anchovy Fuentes 1966, Paulik 1971) . The eastern white pelican P. onocrotalus is found in smaller numbers in the Benguela system, but its diet is not dominated by sardine and anchovy (Berry 1976 , Crawford et al. 1991a , 1995a .
The large numbers of seabirds in the Humboldt and Benguela systems produced large, accumulated deposits of seabird guano that were harvested in the mid and late 19th century and early 20th century (Hutchinson 1950 , Tovar et al. 1987b . Thereafter, seabird guano was collected on an annual basis at the end of the seabird breeding season. The two systems are at present the only regions in the world where seabird guano is harvested annually.
In both the Humboldt and Benguela systems, there have been sustained and large decreases in the numbers of penguins (Crawford et al. 1990 , 1995b , LunaJorquera 1998 and large variations in the numbers of other seabirds (Jordán 1967 , Crawford 1987 , 1991 , Tovar et al. 1987b , Guillén 1992 .
There have also been large fluctuations in the abundance of sardine and anchovy in the Humboldt and Benguela systems, and elsewhere in the world's oceans (Lluch-Belda et al. 1989 . Many recent fluctuations have been co-incident, leading to the opinion that they have been influenced by climate operating at a global scale (Kawasaki 1983) . Catches of anchovy in the Humboldt system were significantly, positively related to those of sardine in the Benguela system two years earlier, indicating a possible link between the two systems. However, the significance was attributable to peak catches before, and low catches after, stock collapses, which may have resulted from overfishing (Crawford et al. 1991b) .
In this paper, the use of indices of bird abundance as surrogates of fish abundance in Peru is explored by comparing estimates of bird and fish abundance in this system. Indices of bird abundance have been used as measures of fish abundance in the Benguela system Shelton 1978, Troadec et al. 1980) . The possibility of linkage between the Humboldt and Benguela systems is further explored by comparing trends in indices of bird abundance in these systems. The relationship between indices of abundance of different seabirds in the Peruvian system is examined, and comment is made on factors influencing trends in numbers of seabirds that feed mainly on anchovy and sardine.
MATERIAL AND METHODS
Estimates of numbers of adult guanay cormorants, Peruvian boobies and Peruvian pelicans at islands and headlands in Peru are available for each month between January 1953 and December 1982 for the coast between 6 and 14°S (Tovar et al. 1987b ) and between January 1984 and December 1989 for the entire Peruvian coast (Guillén 1992) . For those years, the mean abundance of the three seabird species was calculated, and taken to be an estimate of annual population size. In 1983, estimates of the number of adults of the three seabirds were available for March, May, June and July (Tovar and Cabrera 1985) . For the years 1990 -1997, estimates were available for March or April, July and November (J J unpublished data). Again, mean values for those years were calculated. To ensure comparability of data over the period 1953 -1997, only estimates of abundance for the coastline between 6 and 14°S were used. In most years, most of the populations of guanay cormorant, Peruvian booby and Peruvian pelican occur in that region (Guillén 1992) . Estimates of abundance were derived from maps indicating the areas occupied by breeding and non-breeding birds at islands and headlands and estimates of the densities of these birds. The areas of occupation were measured using a planimeter (Tovar et al. 1987b) .
For the period 1909 -1960, it has been assumed that the overall number of guanay cormorants, Peruvian boobies and Peruvian pelicans was proportional to their production of guano at islands and headlands Fuentes 1966, Duffy 1983) . For the years 1953 -1960, the numbers of these three species of seabird between 6 and 14°S are known (Tovar et al. 1987b) . They were totalled and regressed against the quantity of guano collected in the following year. The resulting relationship was used to estimate the overall number of these seabirds in this region of the coast from 1908 to 1952. Guano was not collected at each island each year, but in the period [1953] [1954] [1955] [1956] [1957] [1958] [1959] [1960] harvests at islands were undertaken in most years. Records of harvests of seabird guano at islands and platforms in southern Africa are available since 1896 (Best et al. 1997) . The platforms are on the central Namibian coast. At these, harvests of guano are almost entirely attributable to Cape cormorants (Rand 1963b , Berry 1976 . These platforms were built between 1930 and 1971, with the bulk of the construction completed by 1963 (Cooper et al. 1982) . Guano deposited at islands in southern Africa is mostly attributable to Cape cormorants and Cape gannets (Rand 1963a , b, Cooper et al. 1982 , Crawford et al. 1983 . From the 1890s until 1975, guano at islands off South Africa and Namibia was collected annually by the South African government. From 1976 until the 1990s, the collection of guano was leased out to private enterprise (Best et al. 1997 ). This resulted in a different approach to harvesting guano, with guano sometimes being left to accumulate at islands over several years.
Purse-seine fisheries in the Peruvian and Benguela systems commenced after World War 2 and developed rapidly during the 1950s (Crawford et al. 1987 , Pauly et al. 1987 . These changes in the exploitation of the food base of the seabirds and in the management of the southern African guano harvests, and the fact that estimates of numbers of different seabirds in Peru date from 1953, made it useful to compare indices of seabird abundance for Peru and southern Africa not only over their full extent, but also for the periods 1909-1953, 1954-1975 and 1976-1995 . Guano production in the Benguela system was considered as a whole, as well as for platforms, for islands off Namibia and for those off South Africa. Comparisons were undertaken for the same year, and with each series leading the other by one and two years.
Annual estimates of the biomass off Peru of anchovy aged six months or older are available from 1961 /62 to 1996 (Csirke et al. 1996 , Instituto del Mar del Peru unpublished data). Monthly estimates of biomass of anchovy off Peru are available from January 1953 to December 1961 (Pauly et al. 1987) . In those years, mean values were used as estimates of annual abundance. Estimates are available of the biomass off Peru of sardine aged three years or older from 1978 -1993 (Csirke et al. 1996 .
High correlation between two time-series, each having autocorrelation structure, may be entirely spurious. However, once the structure has been removed from both series to obtain two series of socalled "prewhitened residuals", these may be validly cross-correlated. Data series used in the present analysis were modelled by standard univariate techniques (Box and Jenkins 1970) using the package MicroTSP (Hall et al. 1990) . Prewhitened residuals were generated by subtracting model estimates from the original time-series. The regression between bird numbers and guano harvests in Peru was based on the original data rather than prewhitened residuals as the intention was to back-calculate bird numbers from early guano harvests. Numbers of guanay cormorants were modelled using the equation
where a, b and c are constants, N t is the average number (millions) of guanay cormorants in year t, A is the average biomass (million tons) of anchovy off Peru and C is the catch (million tons) of anchovy off Peru. Residuals were generated by subtracting model estimates from observed numbers.
RESULTS
Models used to generate prewhitened residuals for the time-series subject to cross-correlation analysis are shown in Table I . Much of the autocorrelation structure in the time-series was removed by use of an autoregressive model of Order one. In some instances it was necessary to employ an autoregressive model of Order two. Estimates of numbers of guanay cormorant, Peruvian booby and Peruvian pelican in Peru between 6 and 14°S are given in Table II .
Seabird numbers and guano harvests in Peru
There was a close relationship between the combined number of guanay cormorants, Peruvian boobies and Peruvian pelicans during the period 1953 -1960 and the harvest of guano off Peru in the following year (r = 0.903, p = 0.002, Fig. 1 ).
Seabird numbers and fish biomass in Peru
From 1954 -1996, overall numbers of guanoproducing seabirds in Peru (guanay cormorants, Peruvian boobies and Peruvian pelicans) were significantly correlated with the biomass of anchovy off Peru in the same year (r = 0.355, p < 0.02, Fig. 2 ), as were the numbers of guanay cormorants (r = 0.392, p < 0.01, Fig. 3) .
Numbers of guanay cormorants are compared with the biomass of anchovy in Figure 4 . The numbers of guanay cormorants were best fitted by the equation
This model accounted for 86% of the observed 
Numbers of Peruvian seabirds
Prewhitened residuals of numbers of guanay cormorants were positively correlated with those of Peruvian boobies (r = 0.541, p < 0.001, Fig. 8 ). The relationships between guanay cormorants and Peruvian pelicans (r = 0.327, p < 0.05) and Peruvian boobies and Peruvian pelicans (r = 0.487, p < 0.001) were also positively correlated. There were large fluctuations in average numbers of Peruvian boobies and Peruvian pelicans between 1953 and 1997, with no clear trend (Fig. 9) .
Indices of seabird abundance in Peru and the Benguela system
For the period 1909 -1995, the period for which prewhitened residuals of indices of seabird abundance are available for Peru and the Benguela system, there were no significant correlations for any of the four comparisons made -the Peruvian index with guano produced in the Benguela at Namibian platforms, Namibian islands, South African islands and in total.
For the years 1909 -1953, the Peruvian index was significantly negatively correlated with overall guano production in the Benguela system two years earlier (r = -0.376, p < 0.01, Fig. 10 ). There was no significant correlation of the Peruvian index with guano production at South African islands or at Namibian islands; and no comparison was made with the Namibian platforms, which were being built from 1930 onwards (Cooper et al. 1982) . Trends in the Peruvian seabird index and in the production of guano in the Benguela system were in opposite directions between 1920 and 1953 ( Fig. 11) , and the relationship was highly significant (r = -0.505, p < 0.005).
For the period 1954 -1975, the Peruvian seabird index was positively correlated with guano produced at islands off Namibia two years earlier, but not at a high level of significance (r = 0.317, p < 0.20). However, residuals of guanay cormorants were significantly correlated with those of guano produced at Namibian islands two years earlier (r = 0.465, p < 0.05). For the years 1976-1995, because of the irregular nature of harvesting guano at southern African islands, a comparison was only made between the Peruvian seabird residuals and those for guano production at , 1978 -1993 Namibian platforms. The Peruvian seabird index was negatively related to guano harvested at the Namibian platforms in the following year (r = -0.509, p < 0.02), as was that for guanay cormorants (r = -0.446, p < 0.05).
DISCUSSION

Peruvian seabirds
The close correlation between seabird numbers and the harvest of guano off Peru supports a similar result obtained for the years 1943 -1958 by Valdivia (1960 . This made it reasonable to utilize guano harvests as an index of numbers of guano-producing seabirds off Peru for the period 1908 -1952.
The model of guanay cormorants accounted for a large proportion (86%) of the observed variation in numbers of this species. Guanay cormorants had their highest recorded abundance of more than 21 million adults in 1954. This decreased to 10 -14 million adults from 1959 to 1964, and to less than five million adults thereafter (Fig. 4) . Much (30%) of the unexplained variation in the model is attributable to 1954, when there was a large increase in the population compared to the previous year, and 1957 and 1965, when there were large decreases (Fig. 5) . These three years were also outliers in the relationships between overall numbers of seabirds and numbers of guanay cormorants and the biomass of anchovy off Peru (Figs 2, 3 ).
There were strong El Niño events in 1953, Jordán 1964 , Jordán and Fuentes 1966 , Tovar 1983 . Numbers failed to recover after 1965, as they had after 1953 and 1957-58 (Fig. 4) , probably because by that stage the anchovy fishery had increased to such an extent that it reduced considerably the availability of anchovy to guanay cormorants. The Peruvian fishery caught less than two million tons of anchovy in 1959, but between 8.5 and 12.3 million tons in each year between 1966 and 1971. The biomass of anchovy then decreased markedly, until a recovery was initiated in the mid 1980s (Fig. 4) .
In contrast to the significant relationship between guanay cormorants and anchovy biomass, numbers of the other two guano-producing seabirds in Peru were not significantly correlated with abundance of anchovy or sardine. However, for the period for which there are estimates of the biomass of both anchovy and sardine, numbers of pelicans were well correlated with the combined abundance of these fish species in the previous year (Figs 6, 7) .
Residuals for the three Peruvian seabird species were positively related to each other, with the strongest relationship between guanay cormorants and Peruvian boobies. The large, negative residuals obtained in 1957, 1965 and 1983 (Fig. 8 ) may all be attributed to strong El Niño events in those years reducing populations of guanay cormorants and Peruvian boobies through mortality and reduced breeding (e.g. Tovar et al. 1987a) . Numbers of Peruvian pelicans were also reduced in 1957 and 1983 (Fig. 9) . Both fishing and extreme environmental conditions influence the populations of seabirds in Peru, with their relative impacts differing between the three bird species.
Links between Peru and the Benguela system
Before intensive exploitation of the fish on which the guano-producing seabirds feed during the 1950s, there was a negative relationship between indices of seabird abundance in Peru and in the Benguela system two years earlier. The significance stems in part from negative residuals for Peruvian seabirds in El Niño years such as 1911, 1941 and 1953 being associated with positive residuals in the Benguela system two years earlier (Fig. 10) .
The lag in the relationship between the two systems is the same as, but the sign opposite to, that observed in the comparison of anchovy in the Humboldt system and sardine in the Benguela system (Crawford et al. 1991b) . Although the Humboldt and Benguela systems have similar regimes of anchovy and sardine, these have been out of phase with each other in the latter half of the 20th century (Lluch-Belda et al. 1992) . Sardine have been plentiful off southern Africa when anchovy have been abundant in the Humboldt system and, when anchovy have dominated the Benguela system, sardine have been abundant off Peru.
The negative relationship between seabird indices for the two systems in the early part of the 20th century may suggest that the systems were out of phase then too. This negative relationship is especially evident in the data from about 1920 to 1953 (Fig. 11) . This is the period when the guano in both systems was being harvested in a sustainable manner, and before the food source of seabirds had been impacted to any great extent by fishing. Peruvian seabirds were greatly reduced by uncontrolled exploitation of guano from 1844 to 1909. Subsequently, guano islands and headlands were administered by Compañia Administradora del Guano. After 1914, this company protected the breeding seabirds and managed the exploitation of guano (Tovar et al. 1987b) , leading to an increased abundance of seabirds (Fig. 11) . If the Peruvian seabird assemblage during the years 1920-1953 was as heavily dominated by the guanay cormorant as it was from 1953 to 1964 (Tovar et al. 1987b , and given the significant positive relationship between numbers of guanay cormorants and anchovy, the reduced number of seabirds in Peru in the early 1940s (Fig. 11 ) may indicate a reduced abundance of anchovy at that time. Conversely, anchovy may have been plentiful in the early 1930s. In the Benguela system, numbers of Cape cormorants that breed are positively correlated with anchovy biomass (Crawford and Dyer 1995) . Reports by the superintendent of the guano islands during the early 1930s made frequent reference to a scarcity of small fish and poor breeding by birds, especially Cape cormorants. During this period, the guano harvest decreased noticeably (Fig. 11 ). Comments include: "The scarcity of small fish during the breeding season has again considerably affected the output of guano for 1930 ..." (Jackson 1930 ); "... owing to the scarcity of small fish, the birds forsook the breeding flats, returning later in greatly diminished numbers." (Jackson 1931 ); "The prospects for the coming year, more especially as far as the guano crop is concerned, are discouraging, and it is feared that it will be one of the lowest on record, due to the fact that the birds have deserted the islands ... especially the duikers [Cape cormorants] ... For three seasons running these birds have come to the islands and the neighbouring waters at the commencement of the breeding season, for short spells only, but show a nervous tendency and do not seem inclined to settle down to breed ... scarcity of small fish in the vicinity of these islands ... is possibly the main cause." (Jackson 1932 ); "The duikers ... during the last three years have come to the islands in large numbers just at the beginning of the breeding season, but ... they do not appear to want to settle down, and after building their nests and in some cases laying a few eggs, they begin to take off again ..." (Jackson 1933 ); "The restlessness, remarked upon in previous years, was again evident during the past breeding season ..." (Jackson 1934) ; "The restlessness amongst the birds ... was again in evidence during the breeding season, particularly so amongst the duikers." (Jackson 1935) .
A decreased proportion of Cape cormorants breeding and their early abandonment of nests are typical of years of low abundance of anchovy off South Africa (Crawford and Dyer 1995) . The reports of the superintendent of the guano islands suggest poor availability of anchovy off southern Africa in the early 1930s, that may have been associated with a regime shift from anchovy to sardine. It appears from the reports that Cape cormorants were plentiful and bred successfully in the late 1920s, so anchovy was probably abundant in the Benguela system then. In Peru, anchovy was probably abundant in the early 1930s and scarce in the 1940s. If this was the case, the out-of-phase nature of the two systems would have been in place since the 1920s and 1954 -1978 , there was again a lag of two years in the significant relationship between the guanay cormorants and guano at Namibian islands. However, the relationship was positive, similar to that between Benguela sardine and Humboldt anchovy (Crawford et al. 1991b ). It appears that, once intensive fisheries had developed, it was the overall abundance of fish, rather than its species composition, that regulated the seabird populations. For example, the Namibian sardine fishery collapsed in 1970, followed by the Peruvian anchovy fishery in 1972. For the period 1954 -1978, large, negative residuals for Peruvian seabirds were once again associated with El Niño events, such as those of 1957 -58, 1965 and 1972 (Quinn and Neal 1992 , and positive residuals with post El Niño recoveries of seabird populations, e.g. 1954 populations, e.g. and 1959 populations, e.g. . The 1965 El Niño was preceded by the 1963 Benguela Niño (Shannon et al. 1986) , which gave rise to the most negative residual for guano production at Namibian islands between 1954 and 1978.
Over the period 1976-1995, Peruvian seabirds were negatively related to guano harvested at Namibian platforms in the following year. This means that the two systems were linked with no lag, because guano at platforms is produced in the summer breeding season of Cape cormorants and harvested the next year. The reason for the disappearance of a lag between the Peruvian and Benguela systems is not obvious.
In performing a large number of cross correlations where no significant relationship exists, on average one test in 20 can be expected to be spuriously significant at the 5% level, one in 50 at the 2% level, or one in 100 at the 1% level. In comparing indices for the Peru and Benguela systems, a total of 78 crosscorrelations was performed. Of these, one was significant at the 1% level, two at the 2% level and four at the 5% level. In each instance, this is higher than the expected incidence of spurious correlations, but not greatly so. Clearly, the population dynamics of seabirds in the Peruvian and Benguela systems are influenced to a large extent by local phenomena, but linkage possibly occurs during extreme environmental conditions or perturbations of fish stocks. Especially during the years 1920 -1953, when the systems were only lightly perturbed by fishing, linkage was apparent.
Seabird responses to ecosystem changes
Similarities in seabird trends in Peru and southern Africa were commented on earlier in the paper. Particularly noticeable have been the large declines in penguin populations, which have led to Humboldt and African penguins being classified as Vulnerable in terms of IUCN (World Conservation Union) criteria (Crawford 1998a , Luna-Jorquera 1998 . Factors common to the decrease of both species have included collection of eggs, destruction of nesting habitat through guano harvests, and a decrease in food availability caused by fishing (Crawford et al. 1995b , Crawford 1998a , LunaJorquera 1998 . Insufficient food may have decreased breeding success of the African penguin below that necessary to maintain the population (Crawford 1998b ). The Humboldt penguin population was reduced by the El Niño event of 1982-83 (Hays 1986 , Luna-Jorquera 1998 . Extreme environmental conditions have also impacted the Galapagos penguin Spheniscus mendiculus population (Boersma 1978, Mills and Boersma 1998) .
The guanay cormorant in Peru and the Cape cormorant in southern Africa fare best in periods of anchovy abundance (Crawford and Dyer 1995, Fig. 3 ). The proportion of Cape cormorants breeding in any year is significantly related to biomass of anchovy in the same year (Crawford and Dyer 1995) . The reproductive success of both species of cormorant decreases in times of anchovy scarcity. In Peru, there is mortality of adult cormorants when food is exceptionally scarce, as during severe El Niños (e.g. Fuentes 1966, Tovar 1983) . In South Africa, scarcity of food may have been the stress factor that precipitated high mortality of Cape cormorants from disease in 1991 (Crawford et al. 1992) . Numbers of Cape cormorants probably increased between the mid 1950s, when sardine was the main food fish in the Benguela system, and the late 1970s, when anchovy dominated (Crawford et al. 1991a) . Anchovy has since decreased, as have numbers of Cape cormorants off South Africa (Crawford 1999) . Numbers of guanay cormorants decreased in Peru when sardine replaced anchovy as the dominant food, but have not recovered with the recent resurgence of anchovy (Fig. 4) .
Overall numbers of Peruvian boobies and Peruvian pelicans have been relatively robust to long-term changes in prey resources (Fig. 9) . In southern Africa, the area occupied by breeding Cape gannets decreased from 8.0 ha in 1956 to 4.7 ha in 1985, and then rose to 5.1 ha in 1996 (RJMC unpublished data). There were marked changes in regional populations (Randall and Ross 1979 , Crawford et al. 1983 , Crawford 1991 , Crawford and Dyer 1995 . Numbers of gannets decreased in Namibia, where mesopelagic fish species as well as anchovy replaced sardine (Crawford et al. 1985) , but increased in South Africa, where there was a clear shift from sardine to anchovy (Klages et al. 1992 , Crawford and Dyer 1995 , Crawford 1999 . The overall breeding population decreased as sardine decreased, and began increasing again as sardine increased from the mid 1980s. In South Africa, gannets were able to change their diet from sardine to anchovy and back to sardine again (Crawford 1999 ). In the North-West Atlantic, a century-long trend for northern gannets Sula bassana to increase is correlated with warming surface water conditions and increased availability of mackerel Scomber scombrus as a prey item (Montevecchi and Myers 1997) .
The Peruvian booby, Cape gannet, Cape cormorant and Peruvian pelican have coped better with the large changes in food resources in the Peruvian and Benguela ecosystems in the 20th century than the guanay cormorant and the Humboldt and African penguins. Each of the last three species have undergone severe long-term decreases, which for the penguins have also been influenced by exploitation of birds and eggs.
